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The purpose of this overview is to discuss the evidence for
and functional characteristics of the KCI cotransporter in the
basolateral membrane of renal tubules. By virtue of this local-
ization in a polarized epithelial system, the KCI cotransporter is
uniquely poised to play a central role in the transcellular
reabsorption of NaCI. Since the major sodium extruding mech-
anism is thought to be the Na,K-ATPase, there is an obligatory
recycling of K across the basolateral membrane to achieve net
transepithelial NaCl transport. The KC1 cotransporter appears
to mediate the majority of this continued efflux of K across the
basolateral membrane. In many cells, there are additional Cl
efflux mechanisms, including conductances pathways. These
systems may be acutely activated in response to cell swelling so
as to allow the major intracellular solute (K) to leave the cell
and restore cell volume. These transport systems are now being
studied in basolateral membrane preparations, and it is hoped
that this avenue will permit a detailed characterization and
identification of this transporter.
Proximal tubule
The transport mechanisms for chloride in the renal proximal
tubule have not been clearly defined. Chloride enters the cell
from the lumen by Cl/OH and/or CllFormate exchangers, or by
simple passive diffusion if the electrochemical gradient favors
chloride entry [1—41. The mechanisms by which chloride leaves
the proximal tubule cell across the basolateral membrane have
been recently subjected to detailed scrutiny. The chloride
conductance of the basolateral membrane appears to be low
when measured with chloride-sensitive microelectrodes [5—81 or
by testing the effects of chloride channel blockers on transepi-
thelial potential difference [9]. These results do not support an
important electrogenic pathway for chloride exit across the
basolateral membrane, despite the findings that the cellular
chloride activity is higher than would be predicted from the
chloride electrical equilibrium potential across the membrane
[10, 11]. An electrically neutral KC1 cotransport system has
been proposed as the mechanism for chloride exit from cells
where the chloride conductance of the basolateral membrane is
too low to account for the passive movement of chloride from
the cell down its electrochemical gradient [12, 13]. An electri-
cally-neutral KCI cotransport system has also been proposed as
the mechanism of chloride transport across the basolateral
membrane of the proximal tubule cell in the rabbit and rat
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kidney, and well as the gallbladder and proximal tubule of the
Necturus [9—17].
Recent studies using ion-selective electrodes have directly
demonstrated the presence of a functional KCI cotransport
system in the basolateral membrane of the rabbit proximal
straight tubule [11]. As shown in Table 1, current injections into
impaled proximal tubule cells predictably altered the basolat-
eral membrane potential, but had no effect on intracellular
chloride activity. The cell chloride activity was reduced by
removal of chloride from the luminal perfusion solution. The
reduction in cell chloride activity was even more striking when
chloride was removed from the peritubular bathing solution, but
current injections still did not change the cell chloride activity
under these conditions [11]. The results demonstrated that
chloride is accumulated in the cell above its equilibrium poten-
tial, and that current injections into the cell do not modify the
distribution of chloride across the basolateral membrane. Fur-
ther studies demonstrated that increases in bath K also increase
cell Cl activity, and that decreases in the bath Cl concentration
reduced the cell K activity [11]. These findings are quite similar
to those previously reported in the Necturus gallbladder and
proximal tubule [12—17] and are characteristic of an electrically-
neutral KCI cotransporter.
The functional role of such a transporter is currently being
defined. It seems certain that KCI exit plays a central role in the
cell volume response to hypotonic challenge [18]. The subse-
quent cell volume decrease (regulatory volume decrease) ap-
pears to involve neutral- as well as electrically-coupled KC1 exit
pathways across the basolateral membrane [15—21]. In addition
to regulatory volume decrease, basolateral KCI cotransport
plays a central role in the net transcellular transport of solute.
An interesting example of the role which KCI cotransport may
play in this process is provided by studies of glucose transport
by the proximal tubule [22, 23]. When glucose is added to
suspensions of proximal tubule cells, there is an increase in cell
Na content and a net decrease in cell K content. A net efflux of
K could be demonstrated which was presumably an electrically-
neutral KCI exit pathway because it was not completely inhib-
ited by barium or ouabain [22, 23]. Relatively high concentra-
tions of furosemide (1 mM) inhibited the barium-insensitive K
efflux pathway, consistent with a KCI cotransport pathway [24].
Distal tubule
KCI transport systems have also been examined with elec-
trophysiological techniques in more distal segments of the
nephron. KC1 cotransport has been proposed as a mechanism
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Basolateral Cell
membrane chloride
potential activity
mV mM
Control —44.0 2.3 29.8 2.1
Depolarizing current (+ 1.02 pA) —30.7 2.2a 29.0 2.0
Control —45.6 2.7 29.5 2.3
Hyperpolarizing current (—1.02 pA) —54.1 33a 30.1 2.5
for chloride exit across the basolateral membrane of the rabbit
cortical thick ascending limb [25, 26]. Guggino [27] observed
two distinct cell types in the early distal tubule of the Amphi-
uma kidney, with different basolateral transport mechanisms
for potassium and chloride. In one cell type (high basolateral
conductance), both chloride and potassium were transported
across the basolateral membrane primarily via conductive path-
ways. In the second cell type (low basolateral membrane
conductance), movements of potassium and chloride across the
basolateral membrane appeared to be electroneutral, presum-
ably involving a KCI cotransport mechanism. The medullary
thick ascending limb also appears to be heterogeneous with
regards to basolateral KCI transport systems. Yoshitomi et al
[281 found that cells with high basolateral conductance for K
also have a parallel C1 conductance. In addition, in cells with
low basolateral membrane K conductance, a small Cl— con-
ductance could be seen which appeared to be stimulated by low
pH [281. In contrast, the cells of the thin descending limb appear
to contain both electrically-coupled and electrically-neutral KCI
exit pathways which participate in cell volume regulation [291.
A schematic representation of these KC1 transport pathways is
presented in Figure 1. In addition to the electrically neutral KC1
cotransporter and parallel, conductive pathways for K Cl,
the Na,K-ATPase and other anion (such as, bicarbonate) trans-
port pathways in the basolateral membrane are represented.
A novel "sandwich" approach has been developed by West-
phale and Oberleithner [30] to study K transport pathways in
distal tubule cells from the frog kidney. Isolated tubule frag-
ments were placed on the membrane of a K-selective micro-
electrode and covered with dialysis tubing to form a closed
extracellular compartment which could be constantly perfused.
The K activity in the extracellular fluid was constantly mon-
itored while the extracellular compartment was superfused with
various solutions. As shown in Figure 2, when the perfusion
was stopped, K accumulated in the extracellular compartment
and its concentration rose from 1 m to over 2 m (Fig. 2,
Control). This process was partially inhibited by either barium
or furosemide, and therefore represented the release of cellular
K into the extracellular compartment when the perfusion was
stopped during the control condition. Parallel experiments
indicated that chloride was essential for the release of cell K
contents [291. Of note, when the K effiux pathways were
blocked with both furosemide (50 ,aM) and barium (3 mM), the
K concentration in the extracellular compartment decreased,
presumably due to the active uptake of K by the Na,K-
ATPase (Fig. 2). It appears that the furosemide-sensitive path-
way (that is, the KC1 cotransporter) was the predominant
mechanism for KC1 exit in this preparation, and that this
process is not inhibited by barium once the initial phase of K
accumulation (180 seconds) is completed.
Membrane vesicle studies
The mechanisms of KCI cotransport have been studied in
membrane vesicles prepared from rough endoplasmic reticulum
of the liver by Muallem et al [31]. It was known that a release of
calcium from intracellular stores accounts for part of the
increment of intracellular calcium which occurs during stimu-
lus-secretion coupling in many tissues. The hepatic rough
endoplasmic reticulum contain a parallel arrangement of an
electrogenic Ca2tATPase, a potassium conductance pathway,
a neutral KCI cotransporter, and a calcium conductance which
permits calcium efflux when it is activated by inositol trisphos-
phate [31]. In the absence of inositol trisphosphate, the calcium
efflux pathway is inactive and ATP-driven accumulation of
calcium can be observed. The electrogenic uptake of calcium is
balanced by an electrogenic efilux of potassium; a continuing
supply of intravesicular K is provided by the electrically-
neutral KC1 cotransporter. Because of the ionic selectivity of
the cotransporter, the rate of ATP-driven calcium uptake de-
pends on the ionic constituents in the external media (Fig. 3).
Maximal rates of calcium uptake were seen when the external
media contained 100 m KCI or, in the absence of Cl, if parallel
conductance pathways were provided by valinomycin and
tetrachlorosalicylanilide, a protonophore. There was a partial
Table 1. Effects of current applications across the basolateral
membrane on the chloride activity in the proximal tubule cell U
Data were taken from Reference 11.
a P < 0.05 between control and current application conditions
Cl
Cl-
K
Na +
HCO
Lumen Blood
Fig. 1. Cell model representing the coupled KCI exit pathways in the
basolateral membrane of a renal tubule cell. (Reprinted from reference
29 with permission).
Fig. 2. Original tracing of extracellular K
activity (mM) obtained with a K-selective
electrode and early distal tubule cells. Initial
rates can be discerned during the first 60
seconds when the chart speed was increased.
Furosemide decreased the release of K
compared to the control tracing, and also
blocked the release of K seen following the
application of barium. (Reprinted from
Reference 30 with permission).
endoplasmic reticulum vesicles. The uptake media contained 10 /LM
45Ca, 5 mM Hepes/Tris at pH 7.0, 3 mrt MgSO4, 1 mai ATP and 100 mM
of the following salts: KCI (open circles); NaCI (open triangles);
tetramethylammonium Cl (closed circles); K gluconate (closed trian-
gles); or K gluconate plus 5 ILM valinomycin and 5 MM tetrasalicylanilide
(open squares). (Reprinted from Reference 31 with permission).
reduction in calcium uptake if sodium was substituted for K,
and a major reduction if chloride was omitted in the absence of
ionophores. The striking reduction observed when K was
replaced by tetramethylammonium reflects the blocking effects
of this cation on the K conductance pathway [311. Further
experiments demonstrated that the KCI cotransporter was
Time, minutes
Fig. 4. KCI uptake into rough endoplasmic reticulum vesicles. The
uptake media contained 250 m sucrose, 5 mrs HepestTris at pH 7.0,
0,2 mtt EDTA, 10 mri KCI and tracer Rb with (open triangles) or
without (open circles) 5 mas tetramethylammonium or 10 mM K
gluconate with (closed circles) or without (closed triangles) 1.5 mM
furosemide. (Reprinted from Reference 31 with permission).
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electrically neutral, and was inhibited by millimolar amounts of
furosemide (Fig. 4). The lack of effect of tetramethylammo-
nium, a blocker of the K channel, indicates that the KC1
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Time, minutes
Fig. 5. Effects of cation gradients on 36C1 uptake in basolateral
membrane vesicles. The external media contained either 80 mri K
gluconate (filled circles), Na gluconate (open triangles) or N-methyl-
D-glucamine gluconate (open circles). (Reprinted from Reference 33
with permission).
0 '
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Time, minutes
Fig. 6. Effects of anions and cations on 36C/ countertransport. A.
Basolateral membrane vesicles were preloaded with 25 mrt KCI (filled
circles), K gluconate (open triangles) or K nitrate (open circles) plus 100
m sucrose and 50 msi Hepes/Tns at pH 7.6. B. Basolateral membrane
vesicles were preloaded with either 25 mrvi KCI (filled circles); NaCI
(open circles); LiCI (open triangles) or N-methyl-D-glucamine chloride(filled triangles). In both A and B, uptake media contained 8 mr'i
Tris-36Cl, 100 m sucrose, and 50mM Hepes/Tris at pH 7.6. (Reprinted
from Reference 33 with permission).
Fig. 7. Effects of anion gradients and va/inomycin on 86Rb uptake in
basolateral membrane vesic/es. The external media contained 100 m
sucrose, 50 mM Hepes/Tris at pH 7.6, 1 mri K, 80 mrs Na, tracer Rb,
and either 81 m chloride, nitrate or gluconate. When present, valino-
mycin was 7 sM. (Reprinted from Reference 33 with permission).
rabbit renal cortices have examined several mechanisms of
chloride transport. Eveloff and Warnock [33] found that 36C1
uptake was stimulated by inwardly-directed K gradients (Fig.
5). Countertransport studies showed that the transporter was
specific for K and Cl. Trans-stimulation of 36Cl uptake was
not seen with nitrate or gluconate (Fig. 6A), or with sodium or
lithium (Fig. 6B). The KCI cotransporter was shown to be
electrically neutral in the experiments presented in Figure 7. In
the absence of valinomycin, 86Rb uptake was accelerated by a
chloride gradient compared to the nitrate or gluconate gradient.
When 86Rb conductance was increased with valinomycin,
nitrate gradients had the maximal effect on 86Rb uptake while
the 86Rb uptake driven by chloride was unchanged in the
presence of valinomycin, consistent with an electrically-neutral
KC1 cotransport process [33]. A distinct chloride conductive
pathway also became apparent when 1 mrvi Mg2 was added to
the incubation media. This conductance pathway was inhibited
by anthracene-9-carboxylate, while the electrically-neutral KC1
cotransporter was not [33].
Grassl and coworkers [34, 35] have also studied anion trans..
port processes in basolateral membrane vesicles from the renal
cortex. While Cl—/OH— exchange could be observed, prelimi-
nary results failed to demonstrate a KC1 cotransporter [34].
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uptake process is independent of the K conductance and is
therefore, electrically neutral (Fig. 4) [31].
Recent studies by Schultz and coworkers have described a
similar KCI cotransporter in parallel with a Mg2-driven proton
pump in endoplasmic reticulum vesicles of the rat exocrine
pancreas [32]. The ionic affinities of the KCI cotransporter were
found to be K > Li > Na = choline, and Cl > Br >
gluconate > nitrate. Of note, bumetanide was an ineffective
inhibitor of the KCI cotransporter [311, while furosemide [31,
32] and a more potent analogue (1-tetrazole-2-N-furfuryl-4-
methylanilino-5-suffamoyl benzyl) inhibited the KCI cotrans-
porter [32].
Studies of basolateral membrane vesicles prepared from
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Table 2. Chloride uptake studies in basolateral membrane vesicles
Investigators Eveloff & Warnock Grassi et al Chen & Verkman
Reference number 33 348 36
Species Rabbit Rat Rabbit
Uptake methods Isotopic Isotopic Fluorescence (SPQ)
Vesicle preparation
Homogenization solution 50 m Sucrose
10 mM Hepes/Tris
5 mM EGTA
250 m Sucrose
10 mM Hepes
2 m EDTA
250 m Sucrose
10 mss Hepes/Tris
5 mss EGTA
Centrifugation method
Other conditions
Continuous sucrose
density gradient
Vesicles stored at —70°C until
use
Percoll gradients
Vesicles stored at —70°C until
use
Continuous sucrose
density gradient
Vesicles incubated with SPQ at
4°C for 24 hrs before use
8 This reference is an abstract. The details of the vesicle preparation were taken from Reference 35.
Another recent study, using a C1-sensitive fluorescent probe
(SPQ), also failed to demonstrate either the KCI cotransporter
or a Cl— conductive pathway in basolateral membrane vesicles
[361.
Several technical differences, summarized in Table 2, may
explain these divergent findings. The major differences con-
cerned the tonicity of the homogenizing solution and the
conditions to which the vesicles were exposed prior to use. The
initial homogenizing solution was hypotonic (50 mr.i sucrose) in
the studies of Eveloff and Warnock [33], while isotonic homog-
enizing solutions (250 m sucrose) were used in the other
studies [34—36]. It is possible that the hypotonic homogenizing
solution caused acute cell swelling and thereby activated the
KCI cotransporter and Cl conductance pathway, analogous to
the events which occur during regulatory volume decrease [181.
A more critical difference may relate to the prolonged incu-
bation at 4°C which was necessary to load the basolateral
membrane vesicles with SPQ in the studies of Chen and
Verkman [361. In our experience, the KC1 cotransport system is
not very resilient, even in vesicles stored at —70°C; it has been
necessary to use the vesicles within several days of their
preparation for successful studies of the KCI cotransporter. It is
possible that the Cl transport pathways were adversely affected
by proteolysis in the recent studies of Chen and Verkman [36].
Summary and conclusions
The KC1 cotransporter in the basolateral membrane of renal
tubules may play a central role in the transcellular transport of
NaC1. Because this transporter is electrically neutral, and also
functions in parallel to the electrogenic Na,K-ATPase, there is
an imbalance in charge which must be expressed as a cationic
current across the basolateral membrane. Therefore, other
pathways must also function in the basolateral membrane which
permit the conductive exit of K in addition to the electrically-
neutral KCI cotransporter. Another functional role for the KC1
cotransporter is manifest during the cell volume regulatory
response to cell swelling. In this setting (regulatory volume
decrease), it appears that both electrically-neutral and electri-
cally-coupled KCI efflux pathways are acutely activated.
Very little is known at present about the mechanisms of short
and long term regulation of the KC1 cotransporter. A major
obstacle at this point is the lack of a suitable, potent (that is, M
range) specific inhibitor of this transporter. It also appears that
the chloride transport systems in basolateral membrane vesicles
may be greatly influenced by the precise details of the method
of preparation. Once these experimental details are mastered,
and a suitable high affinity inhibitor is identified, then the
detailed characterization and identification of the KC1 cotrans-
porter can be undertaken.
Acknowledgments
The preparation of this manuscript was supported by the Research
Service of the Veterans Administration, and by NIH grant DK19407.
Reprint requests to D.G. Warnock, M.D., Department of Medicine,
UAB Station, Birmingham, Alabama 35294, USA.
References
I. WARNOCK DG, YEE VJ: Chloride uptake by brush border mem-
brane vesicles isolated from rabbit renal cortex: Coupling to proton
gradients and K diffusion potentials. J C/in Invest 67:103—115,
1981
2. SEIFTER JL, KNICKELBEIN R, ARONSON PS: Absence of Cl-OH
exchange and NaCI cotransport in rabbit renal microvillus mem-
brane vesicles. Am J Physiol 247:F573—F579, 1984
3. SHIUAN D, WEINSTEIN SW: Evidence for electroneutral chloride
transport in rabbit cortical brush border membrane vesicles. Am J
Physiol 247:F837—F847, 1984
4. KARNISKI LP. ARONSON PS: Chloride-formate exchange with for-
mic acid recycling: A mechanism of active Cl transport across
epithelial membranes. Proc Natl Acad Sci USA 82:6362—6365, 1985
5. BELLO-REUSS E: Electrical properties of the basolateral membrane
of the straight portion of the rabbit proximal renal tubule. J Physiol
(Lond) 326:49—63, 1982
6. BURCKHARDT B-C, CA5SOLA AC, FROMTER E: Electrophysiologi-
cal analysis of bicarbonate permeation across the peritubular cell
membrane of rat kidney proximal tubule. II. Exclusion of HCO3
effects on other ion permeabilities and of coupled electroneutral
HCO3 transport. Pflugers Arch 402:43—51, 1984
7. CARDINAL J, LAPOINT JY, LAPRADE R: Luminal and peritubular
ionic substitutions and intracellular potential of the rabbit proximal
convoluted tubule. Am J Physiol 247:F352—F364, 1984
8. SASAKI 5, SHIIGAI T, YOSHIYAMA N, TAKEUCHI J: Mechanism of
bicarbonate exit across basolateral membrane of rabbit proximal
straight tubule. Am J Physiol 252:Fl l—F18, 1987
9. BAUM M, BERRY CA: Evidence of neutral transcellular NaCI
transport and neutral basolateral chloride exit in the rabbit proximal
convoluted tubule. J Clin Invest 74:205—211, 1984
10. CASSOLA AC, MOLLENHAUER M, FROMTER E: The intracellular
chloride activity of rat kidney proximal tubular cells. Pflugers Arch
399:259—265, 1983
11. SASAKI S, ISHIBASHI K, YOSHIYAMA N, SHIIGAI T: KC1 cotrans-
port across the basolateral membrane of rabbit renal proximal
straight tubule. J C/in Invest 81:194—199, 1988
12. REUSS L: Basolateral KCI co-transport in a NaCl-absorbing epithe-
hum. Nature (Lond) 305:723—726, 1983
13. CORCIA A, ARMSTRONG WM: KCI cotransport: A mechanism for
Warnock and Eveloff: K-Cl cotransport 417
basolateral exit in Necturus gallbladder. J Membr Biol 76:173—182,
1983
14. SHINDO T, SPRING KR: Chloride movement across the basolateral
membrane of proximal tubule cells. J Membr Biol 58:35—42, 1981
15. LARSON M, SPRING KR: Volume regulation by Necturus gallblad-
der: Basolateral KCI exit. J Membr Biol 81:219—232, 1984
16. SPRING KR, LARSON M: Volume regulation by Necturus gallblad-
der. (letter) J Membr Biol 84:191, 1985
17. FISHER RS: Chloride movement across basolateral membrane of
Necturus gallbladder epithelium. Am J Physiol 247:C495—C500,
1984
18. EVELOFF JL, WARNOCK DG: Activation of ion transport systems
during cell volume regulation. Am J Physiol 252:Fl—FlO, 1987
19. LAU KR, HUDSON RL, SCHULTZ SG: Cell swelling increases a
barium-inhibitable potassium conductance in the basolateral mem-
branes of Necturus small intestine. Proc Nat! Acad Sci USA
81:3591—3594, 1984
20. WELLING PA, O'NEIL RG: Cell swelling increases basolateral
membrane Cl and K conductances of the rabbit proximal straight
tubule. (abstract) Kidney mt 3 1:452, 1987
21. KIRK K, DIBONA DR. SCHAFERJA: Regulatory volume decrease in
perfused proximal nephron: Evidence for a dumping of cell K. Am
J Physiol 252:F933—F942, 1987
22. GULLANS SR, AvisoN MJ, OGIN0 T, SHULMAN RG, GIEBISCH G:
Furosemide-sensitive K efflux induced by glucose in the rabbit
proximal tubule. (abstract) Kidney In! 29:396, 1986
23. AvisoN MJ, GULLANS SR, OGINO T, GIEBISCH G: Na and K
fluxes stimulated by Natcoupled glucose transport: Evidence for a
Ba2-insensitive K efflux pathway in rabbit proximal tubules. J
MembrBio! 105:197—205, 1988
24. LAUF PK: K:C1 cotransport: Sulfhydryls, divalent cations and
the mechanism of volume activation in a red cell. J Membr Bio!
88:1—13, 1985
25. GREGER R, SCHLATTER E: Properties of the basolateral membrane
of the cortical thick ascending limb of Henle's loop of rabbit
kidney. Pflugers Arch 396:325—334, 1983
26. ALVO M, CALAMIA J, EVELOFF J: Lack of potassium effect on
Na-Cl cotransport in the medullary thick ascending limb. Am J
Physiol 249:F34—F39, 1983
27. GUGGINO WB: Functional heterogeneity in the early distal tubule of
the Amphiuma kidney: Evidence for two modes of Cl and K
transport across the basolateral cell membrane. Am J Physiol
250:F430—F440, 1986
28. Y05HIT0MI K, KOSEKI C, TANIGuIcHI J, IMAI M: Functional
heterogeneity in the hamster medullary thick ascending limb of
Henle's loop. Pfluigers Arch 408:600—608, 1987
29. L0PE5 AG, AMZEL LM, MARKAKIS D, GUGGINO WB: Cell volume
regulation by the thin descending limb of Henle's loop. Proc Nat!
Acad Sci USA 85:2873—2877, 1988
30. WESTPHALE H-J, OBERLEITHNER H: Electrode sandwich tech-
nique: a method for studying K transport in renal cells. Am J
Physio! 254:F608—F6l4, 1988
31. MUALLEM S, SCHOEFFIELD M, PANDOL 5, SACHS G: Inositol
trisphosphate modification of ion transport in rough endoplasmic
reticulum. Proc Nat! Acad Sci USA 82:4433—4437, 1985
32. KEMMER TP, THEVENOD F, CHRISTIAN AL, SCHULTZ I: Parallel
arrangement of Mg2 ATP-driven Httransport and KCI cotrans-
port in endoplasmic reticulum of rat exocrine pancrease. Pflugers
Arch (in press)
33. EVELOFF J, WARNOCK DG: K-Cl transport systems in rabbit renal
basolateral membrane vesicles. Am J Physiol 252:F883—F889, 1987
34. GRASSL SM, KARNISKI LP, ARONSON PS: Cl-HCO3 exchange in
renal cortical basolateral membrane vesicles. (abstract) Kidney mt
27:282, 1985
35. GRASSL SM, ARONSON PS: Na7HC03 co-transport in basolateral
membrane vesicles isolated from rat renal cortex. J Bio! Chem
261:8778—8783, 1986
36. CHEN P-Y, VERKMAN AS: Sodium-dependent chloride transport in
basolateral membrane vesicles isolated from rabbit proximal tu-
bule. Biochemistry 27:655—660, 1988
